INTRODUCTION
Breast cancer is the most common cancer in women worldwide. It is a complex heterogenous disease with highly variable biological behaviour, clinical course, and prognosis. 1, 2 The classical prognostic factors of breast cancer include tumour size, histological subtypes, histological grading, axillary lymph node involvement, oestrogen receptor (ER) expression, progesterone receptor (PR) expression, and human epidermal growth factor receptor 2 (HER2) status. These factors demonstrate significant correlation with recurrence of the tumour and patient overall survival rate.
3,4
Dynamic contrast-enhanced magnetic resonance imaging (MRI) is a well-established technique for the detection, diagnosis, and staging of breast cancer. [5] [6] [7] In addition, diffusion weighted imaging (DWI) has been increasingly used to provide more in-depth information for the characterisation of breast lesions. 8 Apparent diffusion coefficient (ADC) value is a quantifiable value that measures the rate of diffusion of water molecules in a tissue. [9] [10] [11] [12] Low ADC values indicate that diffusion is restricted. Several studies have shown that DWI and ADC are able to differentiate between benign and malignant breast lesions.
13-17
The purpose of the present study is to evaluate the association between ADC values and prognostic factors of breast cancer.
METHODS

Patients
We retrospectively reviewed all patients diagnosed with breast cancer who underwent breast MRI and subsequent surgery in Kwong Wah Hospital during the period from January 2012 to December 2016. The study was approved by the Cluster Research Ethics Committee/ Institutional Review Board. All patients underwent the same MRI protocol including a DWI sequence. We excluded patients with suboptimal MRI study and MRI obtained during or after chemotherapy (to avoid any change in tumour tissue resulted from prior treatment). Patients with mucinous carcinoma were also excluded as this type of tumour contains mucin content which has low cellularity and high extracellular water content, resulting in high T2 signal and high ADC value.
MRI Image Acquisition
All MRI images were acquired with the patient in a prone position using a 1.5-T scanner (Achieva XR; Philips Medical Systems, Best, The Netherlands) equipped with a dedicated breast coil. The DWI images were acquired in the axial plane, and a spin-echo singleshot echo-planar imaging sequence with the following . We also obtained axial T1-and T2-weighted sequences with turbo spin echo and T2-weighted sequences with spectral attenuated inversion recovery turbo spin echo. T1-weighted images were obtained before and after contrast medium injection at 1, 2, 3, 4, and 5 minutes.
MRI Analysis
We generated ADC maps according to the equation: ADC=ln(S2/S1)[1/(b2-b1)], where S1 and S2 are the signal intensities in the regions of interest obtained by two gradient factors, b1 (0 s/mm 2 ) and b2 (1000 s/mm 2 ).
The dynamic and diffusion images were evaluated using a dedicated workstation by two radiologists, who were blinded to the pathological findings. Restricted diffusion was defined by hyperintensity on DWI and hypointensity on ADC map, and the dynamic contrast-enhanced images were used as reference purposes. The region of interest was drawn manually by the two readers in consensus, and attention was paid to ensure that predominantly necrotic or cystic appearing regions were not included in the ADC value measurement. ADC values were calculated automatically when the regions of interest were drawn. Examples are shown in Figures 1 and 2 .
According to the latest edition of American Joint Committee on Cancer tumour-node-metastasis staging system, 18 a cut-off of 2 cm separates patients with stage In addition, immunohistochemical analysis was performed for ER expression, PR expression, and HER2 status. Equivocal cases of HER2 status at immunohistochemistry were subjected to fluorescence in situ hybridisation (FISH) analysis.
Statistical Analysis
Continuous variables are presented as mean ± standard deviation; categorical variables are presented as number (%). Test for normality was performed by Q-Q plot and a normal distribution was observed in the data. Mean ADC values were compared between groups using Student's t test (for two groups) or analysis of variance 
RESULTS
A total of 124 patients (126 lesions) diagnosed with breast cancer during the period from January 2012 to December 2016 were initially included in the present study. Of them, 24 patients were subsequently excluded from the analysis: 10 had undergone neoadjuvant chemotherapy, four had mucinous carcinoma, three had motion artefacts on MRI, two had cancers not visible on MRI, and the pathology reports of five patients had no available information on tumour grading. The final study population therefore included 100 patients (mean age ± standard deviation, 50 ± 11 years) with a total of 102 lesions, as two patients had breast cancer in both breasts. /s, respectively (Figure 3 ). Tukey test showed that the mean ADC value in ductal carcinoma in situ lesions was significantly higher than those in grades 1 (p = 0.042), 2 (p = 0.001), and 3 (p < 0.001), respectively. There was a statistically significant inverse correlation (Kendall's tau-b coefficient = -0.339; p < 0.001) between the ADC value and tumour grading. Multiple linear regression, which included all the prognostic factors being studied, further showed that tumour grading was independently associated with ADC value (p < 0.001). The mean ADC value of the 'more aggressive' group (0.82×10 Table 2 ].
The ADC value was good at predicting the aggressiveness of a breast lesion, with area under the ROC curve of 0.717 ( Figure 6 ). Different ADC threshold values were tested, and it was found that ADC threshold value of <0.9×10 
DISCUSSION
The present study revealed significant inverse correlation between ADC value and tumour grading (p < 0.001). There was also a significant difference (p < 0.001) /s, respectively. A statistically significant difference between the ADC value and tumour grading was found (p < 0.001). Tukey test showed that ductal carcinoma in situ (DCIS) lesions had a significantly higher ADC value compared with grade 1, grade 2, and grade 3 invasive lesions (p = 0.042, p = 0.001, and p < 0.001, respectively). 19, 24, 25 Axillary lymph node metastasis is one of the most important predictors of long-term survival in breast cancer patients. According to Soerjomataram et al, 26 patients with lymph nodes metastasis have about 4-to 8-fold higher mortality than those without nodal involvement, and the more lymph nodes involved, the worse the prognosis. Evaluation of the axillary nodal status prior to surgery is still a challenge in the management of breast cancer patients. Various imaging modalities can be adopted when assessing axillary nodal status, including ultrasound, computed tomography, positron emission tomography, and breast MRI. In recent years, axillary lymph node dissection has been replaced by sentinel Table 2 . ADC values according to prognostic factors of breast cancer.
Abbreviations: ADC = apparent diffusion coefficient; HER2 = human epidermal growth factor receptor. lymph node biopsy for nodal staging in clinically nodenegative breast cancer patients, as the latter modality is less invasive.
27,28
In the present study, although there was a significant difference between the axillary lymph node-positive cancer group and axillary lymph node-negative cancer group on t test, the numerical difference in the ADC values on t test was quite small (0.81×10 -3 mm 2 /s vs. 0.89×10 -3 mm 2 /s). Moreover, there was no independent association between ADC value and axillary lymph node involvement in the regression analysis. This suggests that ADC values may not be able to be used to differentiate benign from metastatic lymph nodes in patients with breast cancer. Our findings are in line with previous studies by Schipper et al 29 and Dong et al, 30 who found that ADC measurement was limited in the prediction of sentinel lymph node metastasis in breast cancer. Further studies are required to evaluate the diagnostic performance of MR imaging in axillary nodal imaging as a non-invasive alternative for sentinel lymph node biopsy.
Another crucial prognostic factor of breast cancer is tumour size. Larger tumours are associated with poorer prognosis and decreased overall survival rates of breast cancer patients. 33 reported that there was no significant association between ADC value and tumour size. In the present study, we found no significant association between ADC values and tumour size. The discordant results may be due to different study populations in each of the studies. The present study included patients with invasive cancers of various histologies, similar to the study by Kim et al, 33 whereas Razek et al 21 included patients only with invasive ductal carcinomas.
The present study showed no significant associations between ADC values and ER expression, PR expression, and HER2 status. These prognostic indicators have been used as guide to hormonal and targeted therapy. There are several limitations to the present study. First, this is a retrospective study with relatively inhomogeneous sample size, particularly regarding tumour grading, with a small number of ductal in situ carcinoma and grade 1 invasive carcinoma. Second, the region of interest placement in terms of size and shape was not standardised in this study, and that could have influenced the ADC value measurement. Further studies on whether different region of interest placement methods influence ADC values are required. Third, the b-value was chosen as 1000 s/mm 2 for the present study. The influence of the b-value on the results and the optimal b-value combination should be evaluated in future studies. Finally, the results obtained might not be applicable to different scan parameters or magnet strength, and this should also be assessed in future studies. Furthermore, studies on disease recurrence or survival rate by longterm follow-up would help to clarify the relationship between ADC values and the prognosis of patients with breast cancer.
In conclusion, the present study showed that DWI is useful in assessing the aggressiveness of breast cancer, as lower ADC value is well correlated with higher histological grade. ADC can be considered as a promising prognostic parameter for the evaluation of invasive breast cancer.
